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PREFACE 

This report describes research performed during 1984-1986, under 

Project #1L161101A91A07139. 
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Physical Parameters Affecting Liquid Penetration 

and wetting of Fabrics 

INTRODUCTION 

Understanding the mass transfer of liquids in fabrics is of paramount 

imp::>rtance to the testing and developnent of protective clothing for 

mi.litary personnel. lbw droplets of water or p::>tentially toxic liquids 

behave when placed on a fabric surface; how they spread, wet, and 

ultimately penetrate the fabric; how fabrics can be asymmetrical in their 

liquid and vap::>r transp::>rt properties--all are questions that must be 

answered before the optimum protective suit becomes a reality. 

Tests that study the behavior of water and other liquids {under static 

or simulated rainfall conditions) are critical to understanding liquid 

transfer in fabrics. This information will provide the basis for 

engineering know-how to optimize the asymmetric transp::>rt properties of 

protective breathable fabrics. These accomplishments will come only with 

extensive experimental and theoretical efforts that study {both 

individually and in concert) the physical mechanisms involved in the 

wetting of fabrics. 

These efforts have been ongoing for many years and include both 

theoretical and experimental studies. Zisman and coworkers {l) ,{2) ,{3) 

through extensive experimental work introduced the concept of critical 

surface tension y and provided a means of quantifying the wettability c 

of a solid surface. Their plots of cos e ~ y have provided a measure of 

the wetting p::>tential of many p::>lymer surfaces. Good and coworkers 

{4), {5), {6) investigated the nature of interactions at the interface 

between a solid and a liquid. Based on the Berthelot relation for the 



attractive constants between like and unlike molecules, they proposed a 

modified geometric mean representation for the total interaction force and 

introduced the ~ function. This system defX"ndent function was determined 

from known or separately measured molecular parameters of the system. 

l'bwkes (7), (8) provided additional information on the nature of these 

interactions, focussing primarily on the dispersion components. He used 

the geometric mean relationship proposed by Good to derive his dispersion 

force equation and showed that the dispersion component of the surface 

tension was essentially Zisman' s Yc· CN/ens and Wendt (9) added a term 

to the Fbwkes equation to account for the polar forces. This added term 

was also based on the geometric mean. Saito and Yabe (10) used this 

extended l'bwkes equation to evaluate the dispersion and polar components 

of several polymer films. Data on polystyrene and polyethylene showed 

that the pair of liquids chosen to provide the contact angle data 

necessary to solve the equation had a significant effect on the results 

obtained. l'br this study, the liquid pair giving results closest to the 

average for all pairs tested (twelve) was used to evaluate the remaining 

polymer films. other investigators have studied the use of a harmonic 

mean approximation for one or both of the interaction terms. Wu (11.), 

through theoretical and experimental studies on polymer systems concluded 

that the harmonic mean should be used for the dispersion component of the 

interaction force when the polarizability of the two phases. is 

approximately equal. l'br the polar component, he found empirically that 

the harmonic mean gave better results even though the geometric mean might 

be preferred theoretically. In studies on copolymer hydrogels, Yuk and 

Jhon (12) used the geometric mean for the dispersion component of the 

interaction force and the harmonic mean for the polar component to show 
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contact angle variation due to sur face de format ion. However, no 

comparison was made between the chosen model and other models for the 

interaction forces. 

Considerable wxk has been done to quantify the effect of surface 

roughness on the measurement of contact angle. DE'ttre and Johnson (13) , 

Oliver and Mason (14) and others (15) ,(16) ,(17),(18) have shown that 

surface roughness has a significant effect on the measurement of contact 

angle and the spreading of liquids on surfaces and is one of the factors 

responsible for contact angle hysteresis. At present, no universally 

accepted method has been established for obtaining and analyzing contact 

angle data on rough surfaces. 

A recent review article by de Gennes (19) attempts to integrate all of 

these factors into a unified picture of the wetting of surfaces. His 

paper discusses the measurement and interpretation of contact angles and 

their relation to the wettability or wetting of materials, the effect of 

contact angle hysteresis, and other factors on the spreading of 1 iquid 

drops. He concluded that the spreading of nonvolatile, nonwetting liquids 

(dry spreading) is reasonably well understood and that spreading behavior 

is consistent with theory. Ch the other hand, the equU i.briurn spreading 

behavior of wetting liquids (moist spreading) depends on the relative 

avaUabU ity of the saturated vapor. Thus, an additional parameter is 

required and the solutions are no longer unique. 

The main focus of this study was the development of objective methods 

to measure the surface properties of fabrics and films and to relate these 

measurements to the actual wetting and penetration of the materials. The 

ultimate goal of the work is to develop an experimental-theoretical model 
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that will not only predict the wetting behavior of experimental fabrics 

but will also allow the design of fabrics with optimum properties for 

particular applications. 

MATERIALS AND METHODS 

Fabrics 

Samples of experimental low surface energy films were obtained from 

the Fiber & Fabric Technology Branch of the Individual Protection 

Directorate (IPD). These materials, identified by trade name or by fabric 

and coating identifiers, were evaluated by the test procedures established 

during this research effort, and are listed in Table 1. 

l. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 

TABLE 1. Experimental Films Submitted for Evaluation of Surface 
Properties 

TRADE NAME FABRIC DESCRIPTION VEE II 

Bioflex (Silicone rubber)/knitted nylon 5339 
Dinkam 3501S (Amino Acid polymer)/nylon 5340 
Dinkam 3001 (Amino Acid)/nylon 5341 
Dinkam PF 151 (Amino Acid)/nylon 5342 
Klimate (PTFE)/Nyco fabric 5381 
Gore-Tex(R) II (PTFE)/Nyco fabric 5382 
Bion II (Polyurethane elastomer)/Nyco (no finish) 5383 
Klimate (PTFE)/Nyco (no finish) 5384 
Porelle film (Co-polyester/polyurethane film) 5385 
Sympatex/NYCO (Co-polyether/polyester film)/NYCO 5479 

In addition to these experimental films, IPD submitted for evaluation 

several fabrics which were treated with a water resistant material or were 

laminated with a water resistant layer included. These fabrics and the 

coating or laminate identifiers are listed in Table 2. 
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TABLE 2. Combat Uniform Fabrics Submitted for Evaluati.on 
of Surface Properties 

ITEM DESCRIPTION 

l. 7 oz. Nyco, Quarpe l treated 
2. Stormshed 
3. 5 oz. Nyco/Gore-Tex II 
4. 5 oz. Nyco/Gore-TE'x II/SAR/taffeta 
5. stormshed/SAR/taffeta 
6. 7 oz. Nyco, Q-treated/50-mil foam 
7. 7 oz. Nyco, Q-treated/70-mil foam 
8. 7 oz. Nyco, Q-treated/SAR/taffeta 

Items 2 and 5 not evaluated due to problems with surface roughness. 
Items 3 and 4 drops spread within 30 seconds. 
Items 6, 7, and 8 surface similar to item l. 

Liquids for Contact Angle Measurement 

A series of liquids formed by varying the concentration of ethanol in 

ethanol-water mixtures was selected for use in determining contact angles 

following the work of Cowsar & Speaker (20). This series of liquids is 

both polar and hydrogen bonding and should give larger contact angles than 

1 i.quids from the non-polar and non-hydrogen bonding series. Dann (21) , 

(22) gives the polar and dispersion components of surface tension for this 

series of liquids. The ethanol-water series was chosen because it 

includes water, the liquid of primary importance in this work, even though 

this series does not represent the most severe test of wetting resistance. 

Several concentrations were made from 190 proof ethyl alcohol and 

distilled water. The surface tension of each concentration was taken from 

Dann and is given in Table 3. Data were fitted to a semi-log plot, Fig. 

1, to permit interpolation of surface tension values at concentrations not 

li.sted in the report; interpolated data are enclosed in parentheses in 

Table 3. Several checks of the surface tension values were made as 

described later, but the published values given in Table 3 and Fig. 1 were 

used in this work. 

5 



TABLE 3. Surface Tension of Ethanol-Water Mixtures 

% ETHANOL 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

SURFACE TENS!;ON 
NEWIDN/crn*l0 

72.2 
51.3 

( 4 2. l) 
36.1 

(32.5) 
30.0 
28.0 
27.2 
25.6 
24.0 

( 23 .1) 

Data from Dann, 1970. 
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4.0 
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3.6 • 

3.4 

ETHANOL CONCENTRATION, % 

Figure l. The natllral log of surface tension plotted vs ethanol 

concentration 

Source: Dann 1970, Parts I and II. 
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General Approach 

The method selected for the evaluation of the surface properties of 

fabrics and films follows the approach first prop::>sed by l'bx and Zisman 

(2) in 1950. This approach determines the critical surface tension Yc 

of a fabric by measuring the contact angle 8 between a liquid drop and the 

fabric (Fig. 2). y c is a measure of the free energy of the surface and 

is numerically equal to the surface tension of that liquid which just 

completely wets the sur face of the fabric, i.e., a 1 iquid that forms a 

contact angle of o0 with the fabric. In general, it is believed that 

this is strictly true where only dispersion forces are in effect (7} ,(8). 

If other forces come into play, the value obtained may not be the true 

free energy of the surface but it is still expected to be a good practical' 

measure of its liquid repellency (19). 

' ' ' 

HIGH 

CONTACT ANGLE (8) 

SURFACE TENSION <¥> 

MED 
LOW 
/ 

FABRIC SURFACE 

Figure 2. Schematic diagram showing the contact angle e 
for high, medium and low surface tension 

liquids on a smooth surface. 
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The goal of thi:3 effort was to develop a rapid, convenient method to 

evaluate the water repellency of military fabrics. The precautions often 

taken in the measurement of contact angles (system equilibrium, 

measurement of advancing and receding angles, temperature control, etc.) 

were not consistent with the above goals. Fbr this reason, specific 

procedures were developed. 

Measurement of Contact Angle 

The above approach to the determination of the critical surface 

tension requires the measurement of the contact angle e for a series of 

l~quic]s of differing surface tensions. 'Ib streamline the process of 

obtaining the contact angle measurements, it was decided to place five or 

six drops on the fabric surface and take a single photograph of the drops 

for the various liquids. This idea had several serious drawbacks. 

Ideally the photograph would be taken only after the drops had reached 

equilibrium. HOwever, all the drops could not be deposited simultaneously 

and since we were not attempting to get complete equilibrium, evaporation, 

adsorption, and other factors made time a critical element, especially for 

the liquids of the lower surface tensions. Another difficulty with the 

multiple drop method was the problem of camera focussing. The drop image 

had to be in very sharp focus because the photo of the drop had to be 

enlarged about 40 times to get the required accuracy. When the drops are 

placed on the fabric they tend to move toward areas of higher free surface 

energy. 'Ib obtain the required sharpness of image, experience showed that 

each drop had to be brought into focus individually. A 35-mm camera, 

which was equi.pped with a bellows extension to provide a magnification of 

about 10X on 35-mm slide film, satisfied these requirements. 
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The method did not work well with liquids of low surface tension where 

some spreading occurred before the picture was taken. It was decided to 

keep the deposition time constant at a value just long enough to assure 

that the dynamic effects of depositing the drop had vanished. This 

required that the camera be prefocussed on the exact spot where the drop 

1>Duld be placed. A microscope with a camera attachment provided about the 

same magnification as the bellows camera and had a greater depth of 

field. This made the focus less critical and permitted the necessary 

pre focussing. 

A modification of this third method was developed to address some of 

the problems associated with surface roughness. In general, the 

systematic roughness of the fabrics made it quite likely that the contact 

angles in mutually perpendicular directions, i.e., parallel and 

perpendicular to the yarn orientation, would be different. It was 

believed that the contact angle both parallel and perpendicular to the 

fiber axis should be measured. A rotating stage from a microscope was 

placed directly below the location where the drop was to be placed. By 

mounting the dispensing syringe on a biaxial positioner, it was possible 

to place the drop on the axis of rotation of the stage. Thus the camera 

axis could be aligned parallel to the fiber axis, the camera focussed, and 

the picture taken. The stage could then be rotated 90° and a second 

picture representing the view perpendicular to the fiber axis taken 

without refocussing. This system worked very well for all except the most 

rapidly spreading liquids for which any contact angle data is 

questionable. 
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Enlargement of the Drop Image 

'Ihe der:osited drops were enlarged about 40X, usually in tv.D steps, 

starting with the l0X magnification of the camera-bellows system or the 

microscope-camera unit. 'Ihe drop image on the 35-mm slides was further 

enlarged to an overall drop magnification of about 40X by photographing 

the image through a Zeiss light microscope and providing an enlarged copy 

on r:olaroid film. A second method utilized a tv.D-dimensional measuring 

microscope to record the drop contour from the 35-mm slide. This method 

was time-consuming but provided much detail concerning the exact shape of 

the drop. A third method, 1mich was used for most of the measurements, 

projected the photographed image of the drop onto a screen where drop 

height and width or the contact angles could be measured directly. All 

three methods provided accurate values for the contact angle. 

Lightin9. 

Lighting of the drop also proved a difficult task. The drop should be 

shown in profile which suggests back lighting. HOwever, with this 

approach, the internal surfaces of the drop often reflected the light, 

making bright sr:ots or glare which blotted out the regions where data 

r:oints were needed. Often several photographs in a series could not be 

used for data because glare made scaling of the data uncertain. Lighting 

from the top, the sides, the front and various combinations were tried but 

all have the same drawbacks due to internal and perhaps external 

reflection of the incident light. Indirect lighting is probably best but 

with the small aperture required for the large depth of field, the light 

must be quite intense to give adequate exr:osure. Long exr:osure times are 

to be avoided due to vibration, shifting, and shrinking of the drop, all 
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of which cause blurring of the image. Fbr most of the work, front 

lighting with a directional reflector behind the drop to focus the 

reflected light back onto the drop was used. With this system some glare 

occurred but almost all photographs could be used. 

Diffraction 

Ideally the drop should be photographed at zero or near zero angle 

above the horizontal plane. Greater angles tend to distort the silhouette 

of the drop and could cause error in the measurement of drop height or in 

the direct measurement of the contact angle. But when viewed from these 

low inclinations, diffraction from the rough front edge of the cut fabric 

blurs the line of contact between the drop and the fabric. The fabric was 

placed on a cylindrical surface whose axis was perpendicular to the camera 

axis. The diameter of the cylinder, or of the cloth on the cylinder was 

approximately 5 em. This makes the radius of curvature much greater than 

the dimensions of the drop, i.e., the surface appears flat with respect to 

the drop. Using the curved surface eliminated the problem of diffraction 

without distorting the drop profile. 

Calculation of Contact Angle (9) 

The image of the original drop enlarged on a Zeiss light microscope or 

by projection on a screen, as described above, was measured with a 

straight edge ruler to determine the height of the drop, h, and the width 

of the drop, w, at the contact line between the drop and the fabric. The 

contact angle was then calculated from the equation 

tan (8/2) = 2h/w (l) 

which assumes that the drop surface forms part of a sphere. 
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FOr some preliminary studies, the 35-mm slide was placed on the table 

of a measuring microscope and the entire contour of the drop image was 

measured. The coordinates of the drop surface near the ocntact point were 

least squares fit to a quadratic equation and the slope of the best fit 

line compared to other measures of the contact angle. The drop 

coordinates were also replotted and a circle drawn through the points 

using a drafting compass to check the assumption of sphericity. In most 

0 cases for drops with a contact angle greater than 90 the actual contour 

deviated from the true circle only near the contact region. It appeared 

that the effects of gravity pulled the drop down or spread the drop out 

and made the ocntact angle greater than it would be for the true sphere. 

However, this effect is quite small and in fact when the calculated 

contact angles are ocmpared to the actually measured values obtained by 

drawing tangents to the drop contour at the point of contact with the 

fabric, the measured values are usually smaller. In most cases the values 

agree within about 5%. The fact that the measured values are smaller than 

the calculated values (when ocmparison to a true sphere indicates that 

they should be larger) is probably due to the placement of the tangent 

lines and the fact that there is really no "linear" region to guide their 

location. It is truly the tangent at a point on a curve. 

Which of the three measures of contact angles best represents the true 

contact angle is difficult to determine. All three measures are plagued 

by factors which cannot be easily controlled or accurately measured. If 

gravity is causing a "squashing" of the lower half of the drop, both the 

directly measured 8 and that calculated from drop height and contact width 

data have this error built in. C11ly the best fit sphere would represent 
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the actual situation in the absence of gravity. If, however, the 

spreading pressure produces this deviation from sphericity near the 

contact points, only the directly measured e's represent the true value. 

FOrtunately, the errors involved are only on the order of 5% and are 

probably even less for contact angles below 90°. 

Measurement of Surface Tension 

The surface tension or surface free energy results from unbalanced 

forces on the molecules in the surface layer. These surface molecules, 

unlike the completely surrounded equipotential molecules that experience 

equal forces in all directions, have one side exposed. The unpaired 

electronic attractions on the free side of the molecule produce forces in 

the plane of the surface. The surface formed assumes a shape which 

minimizes these surface forces. My enlargement of this equilibrium 

surface requires molecules to be brought from the interior of the liquid 

to the surface, and this requires the addition of energy. In practice, 

these surface tensions can be measured by determining the forces required 

to rupture a surface of known length. Measuring the force F required to 

lift a rod of length L from the surface of a liquid of surface tension 

allows the calculation of the surface tension from the equation 

Y = F/2L (2) 

A sensitive displacement transducer (LVDT) was used to measure the· 

extension of a small Ni-Span-C coil spring of spring constant k = l g/rnm 

from which was suspended a 10-cm long brass rod. The rod was suspended 

from fine wires in such a way that its axis lay in the horizontal plane. 
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The output from the LVDT was fed to a stri]X'hart recorder calibrated to 

read the force on the spring. l'brmal operating range was 0. 5 g full 

scale, This rod was immersE'd in thE' liquid whose surface tension was to 

be measured and then slowly and smoothly withdrawn. The force required to 

withdraw the horizontal rod was continuously monitored by the LVDT and the 

strip chart recorder. 

The smooth and continuous withdrawal of the rod from the liquid 

required special =nsideration. Any vibration or unsteadiness in the 

mechanism =uld cause premature rupture of the fragile liquid fUm. The 

liquid to be measured was placed in an aluminum pan which in turn was set 

on an expanded fOlyurethane "float". The float was placed in a larger 

flat container filled with water. The float was held away from the walls 

of the =ntainer by guide lines attached to the float and to the outer 

vessel. When water was drained from the vessel at a rate preselected by 

adjusting a clamp on the outlet hose, the float was lowered and the brass 

rod withdrawn from the liquid in a well controlled manner. This system 

worked well for checking the surface tension values of several liqui.ds, 

including those of the ethanol-water series used in this work. However, 

the method required about 200 mL of liquid because the 10 em long rod 

(with ends turned down to eliminate end effects) used to pull the liquid 

had to float freely on the surface. When shorter rods were used to 

measure the surface tension of solutions, which were made in 20-mL 

quantities, the loss in sensitivity reduced the accuracy of the 

measurement of Y and prevented the detection of changes in Y with time due 

to evar:oration or other factors. It was decided that more extensive 

measurements of the surface tension of the liquids should be r:ostr:oned 
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until more sensitive equipment, e.g., a Cahn Electrobalance, could be 

purchased. FOr the work presented here, literature values for the surface 

tension of the ethanol-water series of liquids were used. These values 

are given in Table l. 

RESULTS AND DISCUSSION 

Theoretical Considerations 

The theoretical basis for the above approach lies in Young's equation 

(2) which can be written as 

where Y is the surface tension of the solid when in equilibrium with sv 

the vapor of the liquid, Ysl is the surface tension of the solid when 

(3) 

in equilibrium with the liquid, and Ylv is the surface tension of the 

liquid in equilibrium with its vapor, i.e., the measured surface tension 

of the liquid. 

Defining the condition of complete wetting or instantaneous wetting as 

the point where the contact angle becomes zero, or its equivalent 

cos e = 1, we have 

( 4) 
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The significance of this equation is seen when Y is considered as 
SV 

the surface tension of a solid when covered with an adsorbed film of 

liquid of film pressure n • Then e 

where y s is the sur face tens ion of the solid sur face when exposed to dry 

a i_r. 

Following the reasoning of Fowkes (8) it is concluded that n is 
e 

neqligible for systems where Ys< r 1 , i.e, for contact angles >0, since 

under these conditions attractions are stronger between liquid and vapor 

than between vapor and the solid. otherwise a stable equilibrium could 

not exist. The conclusion that n " 0 was reached experimentally by e 

Graham (23), (24) Wade and Whalen (25), and Whalen (26). The theoretical 

work of Gbod (27) predicts a negligible spreading pressure of water on 

polyethylene of 3*10-5 ergs/cm2 and on Teflon of 2.5*10-6 

ergs/cm2. Both values are orders of magnitude below the level of 

concern for our purposes and suggest that n can be neglected in the e 

systems evaluated in this report. 

We now consider the y 
sl term. A model proposed by Fbwkes (7) ,(8) 

assumes that the forces acting across the interface between a liquid and a 

solid (or between two liquids) are primarily dispersion forces (van der 

Waals forces) and that the magnitude of these interactions is given by the 

geometric mean of the dispersion force attractions. In the interface 

reg ion, there is the tens ion produced by the pull of the bulk liquid, 

\• which is opposed by the attraction of the van der Waals (primarily 
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London) forces between the liquid and solid 
d I 

y 
s (In 

this discussion we follow the standard notati.on. The superscripts d and p 

represent the contributions from the dispersion and polar forces, respec-

tively. The subscript l referes to the liquid and the subscript s refers 

to the solid, or in general, to the substrate on which liquid l is 

r d d 1 
placed). 'Ihe sum of these t\'.D forces is then Y 1-..J Y 1 Y s . 

Cbnsidering the rolid, it produces tensions in the interface reg ion of 

r d d, 
\due to the bulk rolid and of~ Ys Y1 due to van der Waals 

attractions between the rolid and liquid. Summing these forces gives 

The total force of interaction thus becomes 

Ysl=Y+Y -2~ l s V'l's 

Substitution of this expression into Young's equation yields 

This equation shows that a plot of cos e ~JY 1d;~ 1 should be 

linear with an intercept at (0,-l) and a slope of 2~ Saito and 

Yabe (10) used these plots to present contact angle data of different 

(7) 

(8) 

liquid pairs on paraffin, polystyrene and polyethylene. Fbr paraffin and 

polyethylene, where only dispersion forces act, the linear regression line 
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through the data also passed through the p::>int (0 ,-1) as expacted. For 

p::>lystyrene, which should have a p::>lar force comp::>nent, the linear 

regression line did not pass through the p::>int (0,-1). Although the data 

plot was linear, the fact that the regression line did not pass through 

the predicted intercept reinforces the assumptions that the equation is 

applicable when only dispersion forces are involved in the interaction. 

The Fowkes equation, Eq (8), also provides the theoretical explanation 

of our plots of cos e ~ 1/y. Dann (21), (22) found that the dispersion 

comp::>nent of the water-ethanol series of liquids is nearly constant 

(18.6:1.4 dynes/em) for concentrations up to 90% ethanol. Taking 

y 1d as constant, Eq (8) shows that a plot of cos e ~ l/y1 should 

be linear with intercept at (0,-1) and a slopa of 2~ Plots 

for three materials are shown in Figs. 3, 4 and 5. Surface tension values 

for these plots are given in Table 3. Cbntact angle data for Paraffin are 

given in Table 6 which is discussed in the next section. The equations of 

the regression lines shown in these plots are given in Table 4. 

PARAFfiN 
cos e 

1/)'" 

Figure 3. Plot of cosine of the contnct angle, 9, vs the 

reciprocal of the surface tension, y, for 

paraffin. 
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An alternative method used plots of cos ® ~ l;JY;' to analyze 

contact angle data and obtain the critical surface tension. These plots 

were based on 1\Drk by Girifalco and Gcod (5) who treated the interfacial 

tensions much the same as Fbwkes (8) by assuming that the interfacial 

attractions averaged according to the geometric mean rule. TO account for 

possible deviations from the strict geometric mean averaging, Gir ifalco 

and Gcod ( 5) introduced the function ~ which was expected to be system 

dependent and could be calculated from known (or separately measured) 

system properties. Eq (7) was written in the form 

With this substitution for Ysl in Young's equation and making the 

usual assumption that w is negligible, they obtained 
e 

(9) 

(10) 

Fbr regular systems, ~ = l and for many other systems ~ is close to unity 

(5). Assuming ~ = l, Eq (10) becomes 

cos 9 = 2J/Y{ -1 (ll) 

This shows that plots of cos e ~ 1/~should be linear with intercept 

at (0,-l) and a slope of 2JY;. Figures 6, 7, and 8 show these plots to 

be nearly as linear as the graphs of cos e ~ 1/ y (Figs. 3, 4, and 5). 

Regression equations for the data in Figs. 6, 7, and 8 are given in 

Table 4. The r2 values in Table 4 verify the linearity of both plots 
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Figure 8. Plot of cos 9 vs i/y for material 5341. 

Table 4. Linear Regression Equations for Materials Evaluated 

MATERIAL EQUATION 2 
r 

VEE 5339 cos e ~ -0.97+42.97/Y 0.983 
cos e ~ -2.19+14.67~ 0.969 

VEE 5340 cos 0 ~ -0. 92+37. 05/Y 0.978 
cos 0 = -1. 93+12. 44/JY' 0.976 

VEE 5341 cos e = -0.98+32.19/Y 0.856 
cos 0 = -1. 93+11.12/./Y 0.866 

VEE 5342 cos 0 = -0. 67+32. 74/Y 0.986 
cos 0 = -1.63+11.33/~ 0.992 

VEE 5382 cos 0 = -0. 26+30. 22/y 0. 893 
cos 0 = -0.87+8.66/~ 0. 917 

VEE 5383 cos 0 = -0. 45+29. 88/y 0.980 
cos0 = -1. 29+10. 15J.{Y' 0.979 

VEE 5384 cose = -1. 31+46. 28/y 0.959 
case = -2. 66+15. 941./Y' 0.941 

VEE 5385 cos a = -0.35+29.06/y 0.969 
cos a = -1.17+9.82/~ 0.956 

PARAFFIN cos0 ~ -0. 76+39. 98/y 0.944 
case = -1.69+12.40~ 0. 926 

NYCo-QUARPEL cos 0 = -1. 24+25. 80/y 0.885 
cos 0 = -1.90+8.36/~ 0.873 
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and show that selection of the true model cannot be made on the basis of 

which model statistically best fits the data. Fbr several materials the 

plots of cos e ~ l/y have the predicted intercept of (0,-1). Assuming 

this means they fit the model, the conclusion is that these surfaces must 

be nonpolar. (The model holds for nonpolar interactions and the liquids 

used are known to be polar) • Fbr these materials Y c obtained by 

extrapolation to cos e = 0 is in reasonable agreement (within 15%) of the 

value y d obtained from the slope of the cos 8 ~ 1/y curve. 
s 

Although it is not stated, it has been claimed (7) ,(8) that Eq (ll) 

applies when only dispersion forces are active. This restriction is 

implied undoubtedly because of the nature of the interaction term. Good 

(4) has modified Eq (ll) to account for dipole interactions as well as 

induction interactions by expressing ~ as the sum of contributions from 

the London (dispersion), inductive, and dipole interactions, i.e., 

~ = ~d+ ~L+ ~p' Only two of the materials tested gave intercepts 

close to the values predicted by Eq (11). Even for these materials it is 

difficult to interpret what a fit to this equation means. If this 

equation also holds only for dispersive forces, the conclusion would be 

that the surfaces are nonpolar. Hbwever, data on these materials did not 

fit Eq (8) which as stated above should also hold for nonpolar surfaces. 

At present it appears that plots of cos e vs l/y are preferred for 

analyzing contact angle data and for obtaining y c values. Hbwever, if 

polar forces may be present, a modification of Eq (8) to include polar 

attractions, i.e., the extended Fbwkes or wu equations, or the 

modification proposed by Good (4), must be used. These equations were not 

used in this effort but the analysis given by Saito and Yabe which was 
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based on the extended Fbwkes equation was used to evaluate the data 

obtained on paraffin as a check to see if impurities had imparted a polar 

component. 

As stated above, Y c is obtained by measuring the contact angle 

between the fabric and a series of drops, each taken from a liquid of 

successively lower surface tension (lower surface tension liquids produce 

smaller contact angles as shown in Fig. 2). The cosine of the contact 

angle is plotted against the reciprocal of the surface tension, Eq (8) and 

the linear regression line is obtained. Fbr those cases where data fits 

the model (i.e. linear and intercept (0, -1)) the slope provides a good 

value for Y c. When the data does not fit the model the regress ion line 

must be extrapolated to cos 9 = l to provide Y c" 

In those cases where extrapolation was required, as often happened in 

our measurements, the accuracy of Yc provided by both equations depends 

on the precision of the extrapolations. This means that a series of 

liquids must be used which (a) provide a linear plot with good correlation 

and (b) provide a liquid with a small enough contact angle that the 

extrapolation will be reasonable. 

A reasonable extrapolation depends on several factors such as the 

desired accuracy of Y , degree of correlation (r2 value) , minimum 
c 

contact angle, and the number of data points (N). Fbr the data shown in 

Tables 4 and 5, N >20 (four levels times a mini.mum of five replications) 

for all materials tested and the minimum contact angle is approximately 

30°. under these conditions with r 2 >0.92, Yc' or at least its 

dispersion component, is determined to within plus or minus 12% with 95% 

confidence • 
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TABLE 5. Critical Surface Tension (Y } and Maximum Surface Tension 
for Wetting (y 8 = 90o} Obtaiged from Equations (Table 4} 

FABRIC VEEJI Yc y 8=90° 

Bioflex 5339 21.2 (N/cm*l0 5} 44.9 (N/cm*l05} 
Dinkam 3501S 5340 18.0 41.5 
Dinkam 3001 5341 14.4 33.2 
Dinkam PF151 5342 18.6 48.3 
Klimate 5381 N/A N/A 
Gore-Tex II 5382 21.4 99.1 
Bion II 5383 19.6 61.9 
Klimate 5384 19.0 35.9 

(no finish} 
POrelle film 5385 20.5 70.4 
Sympa tex/NYCO 5479 N/A N/A 

From a practical point of view, there seems to be very little 

difference between the two assumptions regarding the dependence of 

cos 8 vs surface tension. This is demonstrated below with data obtained 

on a surface of paraffin wax. 

Evaluation of Method Using Paraffin 

The procedures described above were used to determine the critical 

surface tension of a paraffin surface. Paraffin is a water repellent 

material often used as a standard in surface tension work. The contact 

angle between water and paraffin is well known. The value of 96° 

obtained in this work is slightly lower than the value of 106° given by 

Saito and Yabe (10}. 

Plots of cos 8 ~ 1/y and ~ 1/.{Y' for the data of Table 6 are shown 

in Figs. 3 and 6, respectively. Both plots show a linear relationship. 

Using a least squares linear regression, the data fit the cos e ~ 1/ y 

relationship more closely than when regressed ~ 1/JY; but the difference 

is small. It should be remembered that plotting vs 1/JY is preferred 
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according to one molecular theory. The values obtained for 

Y of paraffin are 22.7 mN/m(=dyne/cm) when using 1/y and 21.3 mN/m for c 

plots of 1!./Y'. 

In these measurements, the data fit the linear relationship quite 

closely and the range of data was such that only a short extrapolation was 

required to reach the value of 1/ y (or 1/JY) for which =s e = 1. At this 

value of Y, e = 0 and instant wetting or spreading of the drop would 

occur. This by definition is the y c value for the paraffin. 

TABLE 6. Contact Angles for Ethanol-Water Mixtures on Paraffin 

% EI'HANOL CONTACT Al\K:LE, DEGREES AVERAGE 

0 96.53 94.79 96.60 
10 95.30 97.29 97.97 
20 79.68 76.97 80.77 
30 72.85 67.49 69.70 
40 58.93 61.57 61.25 
50 52.95 46.71 60.21 
60 45.35 54.09 46.55 
70 40.13 46.21 43.87 

Fbr paraffin, taking y d = 24.8, (Saito and Yabe) (10) this 
s 

95.97 
96.85 
79.14 
70.01 
60.58 
53.29 
48.66 
43.40 

equation predicts a slope of 43.1 mN/m. The experimental value of 40.0 

mN/m (Table 4) was in good agreement with the theory. The experimental 

intercept of -0.76 (instead of -1.0) was thought to have been caused by 

impurities in the paraffin which may have added a polar contribution 

without significantly altering the dispersion interactions. 

As previously stated, the analysis of Saito and Yabe was used to 

evaluate the polar component of the paraffin used in this work. These 
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d . p 
equations gave Y = 25.5 mN/m and Y = 0 mN/m for the data we s s 

obtained. Since pure paraffin is known to have no polar forces, Y
5
p 

should be zero. The zero value we obtained suggests that the paraffin 

used was reasonably pure. Why this data did not give the predicted 

intercept is not known, but it may be related to the low contact angles 

observed. 

Measurements on Ex~rimental Films 

The above technique was applied to the experimental films listed in 

Table 1. Plots of cos 9 vs 1/ Y for two of these experimental films are 

sho1vn in Figs. 4 and 5. Figure 4 shows results obtained on material VEE # 

5339 and represents an ideal case. The data fit the linear relationship 

very well (r2 = 0.983) and only a short extrapolation (cos e = 0.7 to 

1.0) is required to obtain Yc. Figure 5 is a plot of data obtained on 

material VEE # 5341 and shows a very different situation. The data do not 

fit the regression curve as well (r2 
= 0.856) and in addition, a long 

extrapolation (cos e = 0.3 to 1.0) is required to determine Y c' 

Replacing the independent variable by l;<fi' does not alter the above 

picture. Figure 7 (VEE # 5339) again shows ideal behavior while Fig. 8 

(VEE # 5341) shows a poorer fit to the data and the long extrapolation 

required. 

The equations obtained by a least squares fit for the data shown in 

Figs. 4, 5, 7 and 8 are given in Table 4 along with the linear regression 

equations (using both 1/ Y and 1/fY as independent variables) for all 

materials evaluated, including paraffin and the Quarpel treated NYCO 

(Table 2). Also included in the table are the coefficients of 

determination, r 2• Evaluation of these equations for cos e = 1 shows 

that the two theories agree within 10% in most cases. 
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In addition to providing the Yc value, the linear equation permits 

the calculation of the surface tension of that liquid which produces a 
0 . 

contact angle of 90 when in contact with the film surface. This 

1 iquid, and all others having higher sur face tension, will not wet the 

fabric. Data obtained from the least squares equations for the eight 

films evaluated are given in Table 5. These data are for equations based 

on plots of cos e ~ 1/ y, 

Measurements of Fabrics 

Figure 9 shows the data obtained on the first item listed in Table 2, 

Nyco with Quarpel surface treatment. It is clear that this highly 

repellent surface cannot be accurately measured by the methods described 

above. The data appear to be linear but the extrapolation covers more 

than twice the range of data and produces a very questionable value for 

Yc. Based on 95% confidence limits, yc lies between 5.6 and 10.5. 

This clearly demonstrates the uncertainty of the extrapolation. 

cos 9 

• N 

· NYCO - QUARPEL 

• " 
• 
" 

•· 

Figure 9. A plot of cos 9 1/y for Nyco fabric with 

a Quarpel surface treatment. 
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The long extrapolation comes from the fact that all the liquids used, 

even the 100% ethanol with a surface tension of 24 dynes/em, produced a 

very large contact angle. Several factors are believed to contribute to 

these high contact angles other than the true surface properties of the 

fibers. The surface of the fabric is very rough due primarily to the 

contoured pattern formed by the weaving of the yarns. Sur face roughness 

is known to cause many difficulties in the measurement of contact angle 

(13-18). The fiber orientation in the fabrics produces large distortions 

in the three phase line (contact line where the fabric, the liquid, and 

the vapor saturated air all meet) as shown in Fig . 10. The ridges cause 

variations in the contact angle which results in crimping or a bottle-cap 

effect. The measurement of a contact angle is meaningless on a small 

scale such as that represented in Fig. 10 due to the large changes in 

value over small spatial distances. On a larger scale Where these fine 

detail s cannot be observed, an average contact angle can be measured. As 

mentioned previously, even on this larger scale, the contact angle may 

depend strongly on orientation of the fibers requiring measurements along 

two mutually perpendicular axes. 

Figure 10. An enlargement of an ethanol-water 

drop on a fabric. Irregularities 

in the contact line "bottle cap 

effect") are due to the surface 

roughness. 
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In addition to roughness causing p::>tential bias in contact angles, it 

might very well permit air to be trapped between the dep::>sited drop and 

the fabric. This of course ,would keep the drop from making good contact 

with the fabric and give an apparent contact angle much higher than would 

be obtained on a smooth surface (28) ,(29). A third potential source of 

high contact angles is the small fi.brils that protrude from the woven 

yarns. These fibrils can often be seen propping up the drop in one or 

more locations. This too would tend to increase the contact angle. 

These factors, either singly or in combination, undoubtedly increase the 

contact angle for rough fabrics above that for the same surface treatment 

on a smooth surface, From these observations, it is clear that an 

approach based on the measurement of contact angles for different surface 

tension liquids is not sui.table for the highly repellent rough surfaces of 

fabrics that are of greatest military interest. 

Present Efforts 

The failure of the above method to provide accurate Y c values for 

low surface energy materials that are of primary interest in developing 

water resistant fabrics indicated the need for alternative measures of 

wetting p::>tential. Some of the difficulties encountered with the method 

are due to a fundamental limitation, i.e., low sur face energy mater i.als 

will always require long extrap::>lations. Because of this, totally new 

approaches were initiated. 

The first alternative considered was to measure the time required for 

a liquid to break through the fabric. The time of breakthrough was 

detected electronically, first by mounting electrodes above and below the 

fabr i.e and measuring the resistance change when the fabric wet and made a 
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low resistance liquid path to the second electrode. Data obtained showed 

much s::atter in the breakthrough times. It was thought that the small OC 

current required to obtain resistance data might be affecting the surface 

charge on the fabric. These induced surface charges could affect the 

wetting characteristics of the fabric and thus produce the observed 

s::atter. 

The method of monitoring breakthrough was modified by placing both 

electrodes on the same side of the fabric. The electrodes were mounted 

side by side and separated by approximately 0.5 mm. As a drop penetrated 

through the fabric, a liquid bridge across the 0.5-mm gap would lower the 

continuously monitored electrical resistance between the electrodes. By 

measuring the breakthrough times for a series of liquids of differing 

surface tension, it was thought that an extrapolation to a breakthrough 

ti.me of 0 would indicate the surface tension of a liquid that would spread 

instantly. Bbwever, because of minor problems with forcing the wetting to 

occur over the electrode and the probability that long extrapolations 

similar to those of the contact angle process might be required, we 

decided to focus on the following methods of quantifying the wetting 

potential of a fabric. Present efforts concentrate on the careful 

measurement of the hydrostatic pressure resistance, and the flow 

conditions for both liquids and vapors as a function of the pressure drop 

across the fabric. Data obtained thus far are reproducible and agree 

reasonably well with appropriate theory. These data will be applied to 

various models in the hope that parameters describing the wetting 

potential of the cloth will be identified. 
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CONCLUSIONS 

l. Instrumental methodology has been established which permits the 

measurement of the angles of contact between most liquids and relatively 

smooth surfaces. Apparent contact angles for many rough surfaces can also 

be measured and if desired a detailed picture of the three-phase line can 

be obtained. The method will also work for single fibers. 

2. Using contact angle data for liquids of different surface tension, 

the critical surface tension can be determined for most smooth surfaces. 

3. We believe the contact angle method has a fundamental limitation 

which prevents the accurate determination of critical surface tension for 

highly water repellent (low surface energy) fabrics and films. IDw energy 

materials require long extrapolations to obtain Y c' Since the 

extrapolations are based on uncertain models (l/Y ~ l/~l, reliability 

is greatly reduced. Other parameters and measurements not involving the 

determination of a contact angle are needed to quantify the wetting 

potential of these materials. 

4. Fbr most smooth surfaces, analysis of contact angle data using 

plots of cos 8 Y§. l/Y (Fbwkes) or ~ 1/jY'(Good) provide essentially the 

same results. Both plots appear equally linear over the data range 

obtained and require similar extrapolations. 

5. Methodology has been established for the measurement of the 

surface tension of most liquids. 

6. Present efforts show promise of providing a reliable measure of 

the wetting potential of water resistant materials. 
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FUTURE EFFORTS 

It is clear from these findings that the determination of the wetting 

potential of highly repellent rough fabrics requires one or more new 

approaches. In addition to continuing the present efforts described 

above, other avenues to consider include use of indirect methods of 

measuring contact angles such as surface tension forces on a strip of 

material immersed in a liquid and an improvement of the method (described 

earlier) for measuring the breakthrough time. The first of these methods 

would have some drawbacks, particularly for materials treated only on one 

surface. 

If it becomes possible to make an accurate measurement of a contact 

angle on a rough fabric surface, further studies of the theories based on 

molecular mechanics (the extended Fbwkes equation and the $-function 

proposed by Good and coworkers) should be undertaken. These approaches 

provide a means of calculating the critical surface tension of a fabric 

from only one or two measured contact angles. 

It \\Ould also be worthwhile to determine the significance of the slope 

of the curves of cos e ~ l/y (Fbwkes model) or cos e ~ 1//Y (Good 

model). Depending on the model chosen, this slope could provide desired 

data on the polar and dispersion components of the surface tension of the 

test material. 

It might also be profitable to study in detail the theories dealing 

with surface roughness. The effective contact angle described by cassie 

and Baxter (28) could be critical to understanding the liquid repellency 

of breathable fabrics. 
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Methods based on MOlecular mechanics, in combination with models 

describing the effects of surface roughness and empirical measurements of 

hydrostatic pressure resistance and flow rates should provide the 

necessary information to accurately predict the ~tting characteristics of 

nearly all fabrics and films. 
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